Spin, the result of a mismatch 1n contact rad11 on either side of the point of rolling, has a detrimental effect on traction contact performance.
INTRODUCTION
In the contact analysis of many machine components, such as bearings, gears, cams and traction drives, the traction forces and resultant power loss due to sliding and rolling 1s of engineering Importance. The effective traction forces generated 1n the contact dictate the amount of slip occurring 1n ball bearings, the skew 1n roller bearings and the creep rate across a traction-drive contact. The power loss generated 1n the contact 1s not only Important 1n and of Itself but also dictates the operating temperature. This, 1n turn, Influences the quality of lubrication 1n the contact and Its ultimate durability.
In view of this, the production of traction contact performance and motion has been the subject of numerous Investigations through the years [1] [2] [3] [4] [5] [6] [7] [8] [9] . PoMtsky, et al. [1] and Relchenbach [2] analyzed the frlctlonal spinning moment of angular-contact ball bearings. They assumed that relative slip occurred at all points within the contact between the balls and raceways due to a rigid body rotation about a normal axis through the contact center.
This special case of spin about an axis located 1n the center of the contact 1s often referred to as "pivoting". Wernltz [3] and Hag1 [4] Investigated the more general case of a variable-speed traction drive contact where the slip due to torque transfer caused the spin axis or "spin pole" to move away from the contact center.
Johnson [5] examined the displacement, motion and surface tractions of an unlubrlcated, free rolling (I.e., without applied tangential forces) ball against a plate under pivoting spin. In contrast to the previous Investigations [1 to 4] , Johnson theoretically showed that at least for small spin velocities, the elastic tangential compliances of the surfaces would enable the central region of the contact to experience no slip, I.e., "locked", while slip occurred only 1n a region at the perimeter of the contact. The boundary between the "locked" and "slip" region 1s dictated by the locus of points at which the local value of tangential traction equals or exceeds the limiting value. Johnson's [5] theoretical and experimental work also revealed that a, ball rolling while spinning could develop a transverse force causing 1t to follow a curve trajectory, not unlike a billiard ball that has been struck off center. A more refined theory 1s given by Kalker [6] .
Later work by Johnson [7, 8] , for lubricated contacts clearly established the v1sco-elast1c behavior of the elastohydrodynamlc oil film where the same type of side thrust can also be developed under spin due to the elasticity of the film at small strain rates. Graphical solutions of the Johnson model presented by Tevaarwerk 1n [9] permit direct evaluation and design optimization of traction drive contacts. Poon [10] and Llngard [11] also developed methods to predict the available traction forces of a contact experiencing spin. Poon's method [10] utilized traction data from a twin disk tester together with contact kinematics to predict the available traction. Llngard [11] provided a theoretical approach 1n which the EHD film exhibited Newtonian viscous behavior at low shear rates until a critical limiting shear stress was reached. This same model was successfully employed by Gaggermeler [12] 1n a comprehensive Investigation of the losses and characteristics of traction drive contacts.
In most of the aforementioned Investigations, the knowledge of the angular spin velocity u of the contact 1s required before detailed calculations of contact performance can be undertaken. For contacting bodies of varying geometry whose axis of rotation are not parallel, the magnitude of w 1s not readily apparent. Furthermore, means to alter contact geometry 1n order to minimize G> and thus Improve performance 1s often difficult to visualize. It therefore became a basic objective of the current Investigation to study the effects of contact geometry on the magnitude of w and Its subsequent effects on traction and power loss. 2). This distance e has special meaning 1n traction contact analysis [3, 4] , It 1s referred to as the spin pole offset and 1s given by the relation: ways thrust due to misalignment will be nearly 1.8 times larger than that 1n the rolling direction. This simple example underscores the need to maintain precise alignment between power transmitting rollers.
CONTACT KINEMATICS UNDER SPIN
A sample of adjustable speed traction drive geometries appears 1n F1g.
3. Some of these configurations were 1n use at the turn of the century [13] .
Most of those pictured are still commercially available and perform speed matching service for light duty factory equipment.
The degree of spin generated 1n the contact of traction drives such as Since the velocity pattern on body B 1s opposite to that of body A, 1t
follows that:
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Reversing the direction of rotation will simply cause a "sign" change of the terms 1n the above equations.
The angular spin velocity can also be found from the difference 1n the surface velocity distribution between the bodies divided by the distance from 
Effect of Geometry
The effects of variation 1h roller geometry on w_ can be conveniently studied by "normalizing" Eq. (3) by «. as follows: 
This peak spin ratio = 2 at M = 1 and steadily decreases with an Increase 1n speed ratio H. The magnitude of the spin ratio at any Intermediate combination of geometry angles y and 6 will never exceed that given by Eq.
(10).
Heathcoate slip -The relationships given above are applicable to both external and Internal counterformal contacts, that 1s those having positive transverse rad11 of curvature. The analysis 1s also applicable to conformal contacts provided that the difference 1n transverse curvature 1s relatively large. However, the analysis needs to be modified for contacts that are closely conformal such as that between a ball and a raceway 1n a ball bear-Ing. This 1s because a ball rolling 1n a closely conforming groove will have two, not just one point of pure rolling and two spin poles will be established. A circular spin pattern will be set up around each spin pole, not unlike
Hg. l(c), of equal magnitude but opposite direction. This phenomena, first observed by Heathcoate [14] , 1s addressed 1n greater detail 1n [15] . reference data must also be obtained at the same contact pressure, temperature, rolling speed and for the same aspect ratio, area and disk material as the contact to be analyzed. However, approximate compliance corrections to the slope can be made 1f the aspect ratio and contact area of the reference data 1s different than that of the contact to be evaluated (see [17] ). j. , c ---
It 1s Important to note that the detrimental effects of spin Increase with the square root of contact area (proportional to -\/ab) . Thus an Increasê n normal load for a given geometry will also Increase 3_. Furthermore, «3 all other things being equal, highly conformal contacts will be more spin sensitive than those which are not. 
Effects of Lubricant on Traction Under Spin
In [17] 
Effect of Slip and Spin on Traction
The graphical solutions appearing 1n [16] can be used to predict the It Is clear from Eqs. (14) and (15) that multiplying the computed value of J. and J c by the maximum available traction coefficient will give 4 3 the appropriate values of p and p at any slip, side-slip, or spin x y condition. If spin 1s present, 1t 1s likely that thermal heating will cause some reduction 1n the value of p. Using the value of p under the spin condition present, 1f such data 1s known, to correct J 4 and J, will yield the most accurate results. Analytical methods to account for thermal effects 1n the film can be found 1n [18 to 20] .
Traction Contact Power Loss
Ignoring the rolling traction loss for the moment, the losses 1n a traction contact of three components: longitudinal slip, side-slip and spin as given by Eq. (17) . By dividing the dlmenslonless contact loss term J ? to the longitudinal traction term J we can establish the loss factor LF given 1n Eq. (20) . Power loss then 1s simply:
Power loss = (-r) Power Input
In most traction drives a mechanism 1s used to automatically adjust the normal load 1n direct proportion to the transmitted force. This forces the traction coefficient 1n the contact p to be a constant. The geometry of the loading mechanism 1s selected to be some fraction, typically 70 to 80 percent, of the maximum traction coefficient available (I.e., J. = 0.7 to 0.8) under the most unfavorable operating condition. This 1s to provide some safety margin from slipping.
To Illustrate the effect that spin has on power loss, the theoretical loss factor 1s plotted 1n F1g. 11 against J« for a constant loading fraction J. = 0.75 at various k values. It can be observed that Imposed spin has little or no Influence on the loss factor LF at low values of spin. as the lubricant film 1n the contact shears plastically [9] . Thermal effects then become Increasingly more pronounced and the Isothermal loss curve 1n F1g.
10 starts requiring thermal modifications [18 to 20] ,
The relative power loss between contacts with low spin (J_ < 1) and
high spin (J_ > 10) can be better appreciated by cross plotting F1g. 11
against contact aspect (ellipse) ratio. This 1s done 1n F1g. 12. High spin contacts have losses that are about an order of magnitude higher than low spin contacts. Reducing contact ellipse ratio k Improves efficiency at both low and high levels of spin. However, at high spin levels, the minimum losses occur at k = 1 and reducing k further, I.e., orienting the ellipse's major axes with the direction of rolling, will cause an Increase 1n power loss.
It 1s Instructive to note that a reduction 1n k, that 1s, making the contact more circular 1n shape, will Improve efficiency. It will also, however, have a detrimental effect on fatigue life. This 1s Illustrated 1n
F1g. 12 where relative fatigue life from the analysis published 1n [21] and relative power loss found 1n [9] 1s plotted against k for constant torque, normal load, size and traction coefficient. Note that decreasing k by decreasing the relative transverse radius of curvature at constant normal load will cause the contact area to also decrease. This 1n turn will Increase the contact stress, but lessen the nondlmenslonal spin term J_ due to the >/ab term 1n Eq. (19) .
It should also be mentioned that the contact losses of the Johnson and
Tevaarwerk method outlined here are only those associated with traction torque transfer. However, while these losses are obviously significant, they are not the only losses to be considered when assessing the performance of a traction drive. Some traction drive designs require large support bearings through which some or all of the clamping loads between roller components must pass.
The power losses associated with these bearings can be as great or greater than the contact losses. In fact, 1n Gaggermeler's experimental Investigation [12] with the Arter type toroidal drive, the load-dependent bearing losses were comparable to the contact losses due to power transfer. The drive Idling 
